A quantitative analysis tool has been developed which determines the acceleration induced frequency change for surface acoustic waves (SAW) traveling in an arbitrary piezoelectric crystal resonator. This analysis tool uses a finite element approach to solve the static bias problem and Sinha & Tiersten's analytical technique to determine the SAW mode shape. Combining this data with the spatially varying effective elastic constants, the numerical perturbation integral derived by Tiersten determines the acceleration sensitivity of the SAW resonator. The unique aspect of this software is the determination of the spatially varying effective elastic constants using finte element shape functions. The versatility of the tool will be demonstrated by modeling three mounting structures that have been experimentally verified. These mounting structures include hvo plane stress problems and a plane strain problem.
The current emphasis on minimizing development time by incorporating the principles of the system engineering process and concurrent engineering has lead to increased use of computer aided design (CAD) and computer aided analysis (CAA) tools to achieve first run design success. In the field of acoustics, especially when surface acoustic wave devices are considered, many CAD and CAA tools have been developed to aid the engineer in simulating proposed designs. These tools allow the designer to go from a set of design requirements for a SAW device to both a physical layout of the device and a prediction of expected device performance [l-31 . Theoretical device performance calculations use the physical dimensioning of the device combined with the material constants of the piezoelectric substrate to generate the expected device performance data. These analysis tools provide excellent simulations of device characteristics such as quality factor, input and output impedance, and frequency versus amplitude response.
Most of these critical design criteria are well understood for SAW. However, there are many specified requirements for systems that contain acoustic devices which are not well understood and result in iterative engineering solutions where several prototype devices are fabricated for evaluation. Some of these effects include processing, meteorology (temperature, pressure, humidity), residual noise, aging, force, and vibration. Although all of these effects are intriguing and warrant investigation, this paper focuses primarily on the effects of vibration and mode shape on the output frequency of a SAW resonator.
The solution algorithm that was selected to solve the acceleration sensitivity of a SAW device on an arbitrary piezoelectric substrate has four key elements. First, the substrate is parameterized and a finite element mesh of the physical problem is generated. Next, the forces are applied to the finite element mesh and the nodal displacements are calculated which forming the solution of the static biasing problem. The material constants and physical characteristics of the SAW device are then used in Sinha and Tiersten's analytical technique to determine the mode shape of the generated SAW. Finally, the mode shape and the spatially varying effective elastic constants determined by the static bias are employed in Tiersten's perturbation integral, and the acceleration sensitivity of the SAW device is evaluated numerically.
The versatility and power of this tool has been verified by using this algorithm to model three examples from the literature [4, 5, 6] . Good agreement was observed between the results presented in the references and those obtained using this CAA tool.
The development of the static finite element equations for the solution of the biasing state begins with the general three dimensional equations of elasticity 
The finite element disctretization process is applied by interpolating the displacements with a set of shape functions, N q as follows:
where W 9 are the nodal displacements. In equation (5) the superscripts are intended to imply a sum over nodes within an element or an entire mesh, depending upon context. This notation will be employed throughout to save space. The shape functions N q may take on several forms and will not be explicitly defined here. The reader is referred to [7] and [8] for these and other omitted finite element definitions. Using equation (5) the Freauencv shift
The frequency shift under a given static biasing state is computed using Tiersten's perturbation method [lo] for small fields superposed on a bias [9] . The change in resonant frequency of the pfh eigen-mode is given as 
The biasing stresses, T k M , at this point are then computed using equation (3) and all are combined via equation (23) to produce a values of the components of cLyMa at a point in the interior of the element under consideration.
A single element integral of equation (24) (28) is evaluated exactly using the forms given by equations (16) and (18). The resulting formulas are very long and cumbersome and are therefore not listed here.
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The capabilities of the CAA tool been verified by performing acceleration sensitivity analyses on three reference problems and then comparing our calculated results with the experimental or theoretical results obtained in the references. The referenced examples could all be modeled as 2-dimensional problems. Two examples were plane stress problems, while the third example represented a plane strain problem.
The first reference problem analyzed was a classic force-frequency experiment carried out using a circular ST-cut substrate which was 31.75 mm in diameter. A 60 MHz SAW device was centered on the substrate which had an active area that was approximately 1.0 mm by 1.0 mm [4] . In this example a diametrical in-plane force was placed on the substrate and the change in resonant frequency of the SAW device was measured as a fimction of the azimuthal angle of the force with respect to the propagation direction of the SAW. Symmetry was used to reduce the size of the finite element mesh by a factor of two because only half of the disc needed to be modeled to accurately define the stresses generated near the active region of the device. In all cases, a convergence study was performed on the mesh to determine the optimal configuration for modeling the mechanical system. The finite element mesh at which convergence occurred was comprised of 432 quadratic serendipity quadrilaterals with a total of 1347 nodes. A representation of the mesh can be seen in Figure  4 . Figure 5 shows a comparison of the results published by Sinha, et al., with those produced by the analysis tool. The percentage of error between the calculated and experimental results ranged from 9% to 23%. The primary source of error in modeling this example was the inability to accurately model a point force using the serendipity quadrilateral.
The second reference problem modeled the in-plane acceleration sensitivity of a SAW resonator on a rectangular substrate that was rigidly supported on all edges [5] . For this problem, the acceleration-induced frequency change had been theoretically predicted by Shick, et al. The variable in this experiment is the aspect ratio of the substrate. These devices operated at approximately 400 MHz and the active area was 1.0 mm.
The initial substrate was a 19.05 mm square. Symmetry reduced the complexity of the fiiite element mesh by a factor of four, because only a quarter of the plate needed to be modeled to accurately portray the mechanical stress biasing the active area of the device. The finite element mesh of the quarter plate contained 300 quadratic serendipity quadrilaterals and contained 981 nodes. A model of the mesh for the entire plate can be seen in Figure   6 . Beginning with a square substrate, aspect ratio (ah) of 1 : 1, where 2a is the length of the substrate and 2b is the width, seven in-plane acceleration sensitivities were calculated with the aspect ratio of the substrate varying from 1: 1 to 4: 1. The results of this analysis are in Figure 7 . Comparing the calculated results from the analysis tool with Shick's theoretical data at an aspect ratio of 1:l the calculated data differed by 5%0, while at 2:1 the calculated data differed by 17%. The difference in the 2 : l result occurred because Shick modeled a larger substrate in his analysis (25.4 x 12.7, instead of 19.05 x 9.525).
The third example is a plane strain problem. In this experiment by-Andres and Parker, it was shown that by properly massloading the backside of an all quartz package (AQP) SAW substrate that the bending stresses caused by a normal acceleration could be minimized [6] . Modeling this situation meant that the dimensions of concern were the length and thickness of the substrate which were 10.16 mm and 0.89 mm respectively, the length of the active SAW area was 0.5 mm. Since no dimensions were given for the masses, they were assumed to be 1.2 mm in length and three times as dense as quartz. The finite element mesh of the SAW substrate, masses, and glass frit can be seen in Figure 8 . Symmetry reduced the complexity of the analyzed model by a factor of two. The mesh contained 270 quadratic serendipity quadrilaterals which had 929 nodes. The experiment was carried out as follows. two masses were attached to one of four symmetric positions on backside of the AQP SAW substrate and a normal acceleration was applied to the SAW device. The acceleration induced frequency shift was measured in the output of the oscillator under test and the normal vibration sensitivity was calculated. Once this process was completed, the masses were detached, repositioned in another of the sites and the process was repeated. Figure 9 shows a comparison between the experimental data and the calculated results. Although the quantitative results were not accurate because of insufficient data to model the physical problem, qualitatively the analysis of the problem yielded similar results with regard to the optimal placement of the weights to minimize acceleration sensitivity.
Conclusion
A quantitative analysis tool has been developed and demonstrated which calculates the acceleration sensitivity of a SAW traveling in an arbitrary piezoelectric substrate. This computer aided analysis tool performs four major functions to determine the acceleration sensitivity for any given problem. First, it generates a finite element mesh which accurately models the physical problem. Next, the static biasing problem is solved by calculating the nodal displacements caused by the forces applied to the mechanical system. The third function that the analysis tool perfoms is a calculation of the SAW mode shape based on Sinha and Tiersten's analytical technique. Finally, data from the previous steps are combine with the spatially varying effective elastic constants to calculate the acceleration of the SAW device.
One of the more interesting aspects of this analysis tool is that it allows the user to sample the stresses, strains, and rotations within any given element and then use that data in sophisticated integration schemes to improve model accuracy. Figure 6 . Example problem for in-plane acceleration using plane stress analysis. Figure 9 . Comparison of calculated and experimental results for the mass on substrate experiment [6] .
W@ Pcsitim

